Background and Purpose-There is increasing interest in defining stroke lesion volume thresholds to predict poststroke outcome. However, there is a paucity of data on factors that impact the association between critical infarct thresholds volume and outcome. We sought to determine whether lesion thresholds best predicting outcome depend on the degree of preexisting white matter hyperintensity (WMH) lesion burden. Methods-Magnetic resonance imaging infarct volumes were quantified in 414 consecutive patients with anterior circulation ischemic strokes evaluated between January 2014 and December 2014. The WMH lesion volume was graded according to the Fazekas scale and dichotomized to absent to mild versus moderate to severe. Receiver operator characteristics curves were calculated to determine the infarct volume threshold best predicting the 90-day outcome. Multivariable logistic regression was used to determine whether the critical lesion thresholds independently predicted a favorable 90-day outcome after adjusting for pertinent confounders. Results-The infarct volumes thresholds predicting the 90-day outcome for the entire cohort (standard thresholds) were ≤29.5 mL (modified Rankin scale [mRS] 0-1), ≤29.9 mL (mRS 0-2), and ≤34.1 mL (mRS 0-3). For patients with absentto-mild WMH lesion burden, WMH-adjusted critical infarct thresholds were significantly greater than the standard infarct thresholds. In the fully adjusted multivariable regression models, the WMH-adjusted infarct thresholds correctly predicted the outcome to a similar degree as the standard thresholds. Conclusions-In this proof-of-concept study, the WMH lesion burden impacted the critical outcome-predicting infarct thresholds. If confirmed, using a WMH-adjusted infarct threshold could allow defining patients that have a favorable outcome despite having relatively large infarct volumes.
T he infarct volume is one of the most powerful predictors of functional outcome after ischemic stroke. However, it is unlikely that a single lesion volume threshold applies to all patients, which may explain why lesion volume threshold predicting a poor outcome differs between studies. [1] [2] [3] In particular, it has been shown that younger patients may have better outcomes than expected in relation to their infarct volume. 1, 4 Yet, a patient's chronological age is not always available in the acute situation when a patient is aphasic and may not be well reflective of the biological brain age. For this reason, it would be desirable to define an easily accessible imaging marker that allows for adjustment of the infarct volume threshold predictive of a favorable outcome based on the brain's biological age. White matter hyperintensity (WMH) lesions are frequently seen on clinical and research magnetic resonance imaging (MRI) and are considered to be such a marker. 5, 6 Moreover, the WMH lesion burden has been shown to adversely affect the infarct extent and final functional outcome after ischemic stroke. 7, 8 We, therefore, sought to determine whether the critical final infarct threshold predicting a favorable functional outcome after ischemic stroke differs between patients depending on the preexisting WMH lesion burden. Specifically, we hypothesized that the critical final infarct volume threshold is greater in patients with absent-to-mild WMH lesion burden as compared with patients with moderate-to-severe WMH lesions.
Methods

Study Population
This study was reviewed and approved by our Institutional Review Board. We retrospectively analyzed consecutive patients with acute supratentorial ischemic stroke as shown on brain MRI that were prospectively included in our single academic center stroke registry between January 2013 and December 2014. Of note, a subset of the included patients has previously been reported as part of separate investigations.
Patient demographics, laboratory data, comorbidities, preadmission medications, and stroke pathogenesis (according to the Trial of Org 10172 in Acute Stroke Treatment [TOAST]) were collected on all patients. National Institutes of Health Stroke Scale (NIHSS) scores were assessed at the time of presentation. The modified Rankin scale (mRS) was assessed at the time of presentation (preadmission mRS) and at 90 days by a stroke-trained physician or stroke study nurse-certified mRS. 7, 10 When the mRS was unavailable, the same observers reconstructed the score from the case description, according to the mRS criteria. We adhere to the STROBE (strengthening the Reporting of observational studies in Epidemiology) guidelines (http://www.strobe-statement.org).
Neuroimaging Protocol
Brain MRI was obtained between 1 and 7 days after stroke and included T1-, T2-, fluid-attenuated inversion recovery sequences, and diffusion weighted imaging (DWI). MRI was performed on a 1.5 Tesla scanner (GE Signa; GE Medical Systems, Milwaukee, WI). DWI was obtained using echo-planar imaging with a repetition time of 8000 ms, an echo time of 102 ms, a field of view of 22×22 cm, image matrix of 128×128, slice thickness of 5 mm with a 1-mm interslice gap, and b values of 0 and 1000 s/mm 2 . Fluid-attenuated inversion recovery was obtained with a repetition time of 9002 ms, an echo time of 143 ms, a field of view of 22×22 cm, image matrix of 256×224, and slice thickness of 6 mm with a 1-mm interslice gap.
Image Review and Analysis
Images were reviewed independently by 2 readers (J.P. and J.H.) blinded to both clinical data and any follow-up scans. Lesions that were hyperintense on DWI and hypo-or isointense on the apparent diffusion coefficient maps were considered acute ischemic lesions. Ischemic lesions on DWI were manually outlined using careful windowing to achieve the maximal visual extent of the acute DWI (b1000 trace-weighted) lesion and with reference to the apparent diffusion coefficient image to avoid regions of T2 shine through.
WMH was defined on fluid-attenuated inversion recovery MRI according to the STRIVE (STandards for ReportIng Vascular changes on nEuroimaging) 6 criteria and graded according to the Fazekas scale as previously described in detail. 9, 10 The total Fazekas score was calculated by adding the periventricular and subcortical scores. 10 In addition, we dichotomized the degree of WMH according to the median Fazekas score to 0 to 2 (n=204) versus 3 to 6 (n=210) for statistical purposes. We have previously demonstrated a high inter-rater reliability of WMH ratings in a set of 50 consecutive patients with an intra class correlation coefficient for the total Fazekas score of 0.969 (95% confidence interval [CI], 0.943-0.983).
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Statistics
Unless otherwise stated, continuous variables are reported as mean±SD or as median (interquartile range). Categorical variables are reported as proportions. Between-group comparisons for continuous variables were made with unpaired t test and Mann-Whitney U test. Within-group comparisons were made using paired t test or signed-rank test. Categorical variables were compared using the χ 2 test or Fisher exact test. Correlative analyses were conducted using Spearman rank test. ANOVA on ranks with post hoc Dunn method was used to compare between-group differences in the NIHSS and infarct volume, respectively.
The main goal of our study was to determine whether the critical infarct threshold predicting a favorable 90-day outcome differs depending on the preexisting WMH lesion burden. Because the definition of favorable outcome differs between clinical stroke trials, we conducted separate analyses for a favorable 90-day outcome defined as (1) mRS 0 to 1, (2) mRS 0 to 2, and (3) mRS 0 to 3.
Receiver-operating characteristic curves were plotted to determine the infarct volume best predicting a favorable 90-day outcome. Optimal thresholds were determined by maximizing Youden index (sensitivity+specificity−1). To test whether the critical lesion thresholds were independently associated with a favorable 90-day functional outcome, we constructed multivariable logistic regression models with backward elimination (likelihood ratio). All models were adjusted for age, sex, history of stroke or transient ischemic attack, atrial fibrillation, congestive heart failure, antiplatelet use, Fazekas score, admission NIHSS, preadmission mRS, and random blood glucose at admission.
To explore the possible biological interaction (joint effects) of the WMH burden and infarct volume with a poor outcome, we investigated interaction as departure from additivity by assessing the relative excess risk because of interaction (RERI), proportion attributable because of interaction (AP), and synergy index (S) using the interaction macro available at http://www.juliuscenter.nl/additive-interaction.xls.
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Because the presence of WMH could represent a biological plausible explanation for the age effect on outcome, 5, 9 we conducted mediation analyses to examine the potential mediating role of preexisting WMH lesion burden on the relationship between age and the 90-day functional outcome. Models were analyzed using PROCESS macro version 2.15 for SPSS (http://processmacro.org/index.html 12 ) with bias-corrected, accelerated (BCa) 1000 resample bootstrap technique. Sex, preadmission mRS, and infarct volume were included as covariates.
The Hosmer-Lemeshow goodness-of-fit statistic was used to assess all models for final model fit. Collinearity diagnostics were performed (and its presence rejected) for all multivariable regression models. Two-sided P<0.05 was considered statistically significant. All statistical analyses were performed using IBM SPSS Statistics, version 22 (IBM, Armonk, NY).
Results
Patient Cohort
During the study period, 874 patients were admitted to our stroke service and had a brain MRI allowing for reliable assessment of the WMH lesion burden. Of these, 414 eventually met the eligibility criteria ( Figure 1 ). Small subcortical infarcts were excluded given their (by definition) small size below the known critical infarct thresholds. 3, 6 Of note, a subset of patients has previously been described as part of separate investigations.
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Univariable Associations of Factors With a Favorable 90-Day Outcome
Factors associated with a 90-day mRS of 0 to 1 included right-hemispheric infarct location (P=0.047), younger age (P=0.043), lower admission blood glucose level (P<0.001), and a lower preadmission mRS (P<0.001), admission NIHSS (P<0.001), smaller final infarct volume (P<0.001), and lower WMH lesion burden (P=0.001; not shown).
Factors associated with a 90-day mRS of 0 to 2 included male sex (P=0.040), absent history of stroke/transient ischemic attack (P=0.043), congestive heart failure (P=0.029), atrial fibrillation (P=0.004), noncardioembolic stroke pathogenesis (P=0.027), no antiplatelets use (P=0.024), younger age (P=0.003), lower admission blood glucose level (P=0.001), and a lower preadmission mRS (P<0.001), admission NIHSS (P<0.001), smaller final infarct volume (P<0.001), and lower WMH lesion burden (P=0.003; Table 1 ).
Factors associated with a 90-day mRS of 0 to 3 included an absent history of stroke/transient ischemic attack (P=0.025), congestive heart failure (P=0.011), hypertension (P=0.037), cardioembolic stroke pathogenesis (P=0.037), no antiplatelets use (P=0.007), younger age (P<0.001), lower admission blood glucose level (P<0.001), and a lower low-density lipoprotein cholesterol (P=0.010), preadmission mRS (P<0.001), admission
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October 2016 NIHSS (P<0.001), smaller final infarct volume (P<0.001), and lower WMH lesion burden (P<0.001; not shown). Figure 2A depicts the positive correlation between WMH lesion burden and 90-day mRS (r=0.174; P<0.001) and the increasing proportion of patients with worse 90-day mRS scores among patients with worse preexisting WMH lesions (P<0.001; χ 2 test). There was an additive interaction between WMH lesion burden and the critical infarct volume threshold on a poor outcome for mRS 2 to 6 (RERI=1.50; AP=0.125; S=1.16), mRS 3 to 6 (RERI=0.13; AP=0.013; S=1.01), and mRS 4 to 6 (RERI=2.50; AP=0.206; S=1.29), respectively. Results were similar when we entered the infarct volume in 10 mL increments: mRS 2 to 6 (RERI=0.19; AP=0.091; S=1.22), mRS 3 to 6 (RERI=0.09; AP=0.052; S=1.13), and mRS 4 to 6 (RERI=0.11; AP=0.062; S=1.15). A RERI of 0.11 means that with every 1 point increase in Fazekas score and 10 mL increase in infarct volume, the relative risk of having a poor outcome is 0.11 more than if there was no interaction.
Association of the 90-Day Outcome With the WMH Lesion Burden and Infarct Volume
Given the association between infarct volume with WMH lesion burden and the 90-day outcome, we analyzed the association of the infarct volume as stratified by Fazekas score and the 90-day outcomes. In summary, across favorable outcome categories (mRS 0-1, mRS 0-2, and mRS 0-3, respectively) patients with absent-to-mild WMH lesion burden had greater infarct volumes than patients with a moderate-to-severe WMH lesions ( Figure 2B through 2D), indicating that they tolerate greater infarct volumes and still have a favorable outcome (P<0.05 each). Conversely, patients with absent-to-mild WMH lesion burden on average had large infarcts (>68 mL) before being at risk for an unfavorable outcome (mRS 2-6, mRS 3-6, and mRS 4-6, respectively; P<0.01 each).
Critical Infarct Volume Thresholds Predicting Favorable Outcomes
First, we conducted receiver-operating characteristic analyses in the entire cohort. In this analysis the critical infarct volumes predicting a favorable 90-day outcome were ≤29.5 mL for mRS 0 to 1, ≤29.9 mL for mRS 0 to 2, and ≤34.1 mL for mRS 0 to 3, respectively ( Figure 3) . Area under the curve analysis indicated fair accuracy of these estimates (area under the curve ranging from 0.71-0.74; Figure 3B ).
When we stratified our analyses according to the degree of preexisting WMH lesion burden, we found that the critical threshold for predicting an mRS of 0 to 1 and mRS 0 to 2 outcome was significantly greater in subjects with absent-to-mild WMH (Fazekas score 0-2) versus the group-average threshold (P<0.05 each; Figure 3A) , and compared with the thresholds for subjects with moderate-to-severe WMH (P<0.01 each; Figure  3A ). Although the critical threshold for predicting an mRS of 3 to 6 was numerically greater in patients with absent-to-mild WMH (49.9 mL) as compared with the threshold derived for the entire cohort (34.1 mL) and the moderate-to-severe WMH subgroup (29.9 mL), this difference did not reach significance in unadjusted analyses (P>0.05; Figure 3A ). These results suggest that the WMH-adjusted critical infarct volume may be substantially greater for patients with absent-to-mild preexisting WMH lesion burden than a standard infarct threshold (in our cohort 6% for mRS 0-1, 26% for mRS 0-2, and 32% for mRS 0-3).
Associations of the Critical Infarct Volumes With the 90-Day Outcome in Multivariable Analyses
To determine whether the receiver-operating characteristicdefined critical infarct volumes are independently associated with the predefined favorable 90-day outcomes (mRS 0-1, mRS 0-2, and mRS 0-3, respectively), we built multivariable logistic regression models adjusting for pertinent clinical covariates including the WMH lesion burden. Additionally, we forced the Fazekas score×infarct threshold interaction in all models to determine whether the association between the critical infarct volume and 90-day outcome is dependent on the degree of preexisting WMH lesion burden. In all models, a greater WMH lesion burden and larger infarct volume were independently associated with an unfavorable 90-day outcome (Table II in the online-only Data Supplement).
There was a significant negative Fazekas score×infarct threshold interaction for the clinically most frequently used dichotomization scheme to mRS 0 to 2 versus 3 to 6 (P=0.001; Table II in the online-only Data Supplement). That is, in the absence of WMH, an infarct volume below the critical threshold has less impact on the outcome. In other words, it is too restrictive. Analysis of the other predefined outcomes also demonstrated a negative interaction coefficient, although this did not reach statistical significance (P>0.05; Table II in the online-only Data Supplement).
We then repeated all multivariable analyses stratified by the WMH lesion status and individually entered the critical thresholds derived from the entire cohort (standard thresholds) and the critical thresholds derived from patients with absent-to-mild and moderate-to-severe WMH lesion status (WMH-adjusted thresholds), respectively. Overall, we found that the WMH-adjusted infarct volume thresholds correctly predicted the outcome to a similar degree as the standard thresholds (Table 2) . Using the adjusted (more lenient) thresholds resulted in one additional patient achieving an mRS of 0 to 1 and no additional poor outcome despite applying a smaller infarct threshold. Likewise, 5 additional patients (1.21%) achieved an mRS of 0 to 2 with 1 additional patient (0.24%) having a poor (mRS 3-6) outcome and 9 additional 
Preexisting WMH Lesion Burden Mediates the Age Effect on the 90-Day Outcome
Mediation analyses indicated that there was a significant indirect effect with WMH mediating the effect of age on the 90-day functional outcome (mRS), βa*βb=0.009, 95% BCa CI, 0.021 to 0.016 (R 2 =0.302; Figure I in the online-only Data Supplement). WMH (mediator) could account for roughly half of the total effect, percent mediation P M =0.478. Results were similar when we entered the 90-day outcome dichotomized to 0 to 1 versus 2 to 6 (βa*βb=0.017; 95% BCa CI, 0.006-0.029) and 0 to 2 versus 3 to 6 (βa*βb=0.013; 95% BCa CI, 0.001-0.025). Confidence interval for the 90-day outcome dichotomized to 0 to 3 versus 4 to 6 included zero (βa*βb=0.013; 95% BCa CI, 0.000-0.028).
Discussion
The most important finding of our study was that that the burden of preexisting WMH lesions significantly modulates the relationship between infarct volumes and patient outcomes.
Specifically, patients with absent-to-mild WMH lesion burden tolerated significantly greater infarct volumes than patients with moderate-to-severe WMH lesion burden to still achieve favorable functional outcome at 90 days.
Importantly, the critical WMH-unadjusted infarct thresholds derived from our cohort are in agreement with the results from several previous investigations 3,4,13 indicating the generalizability of our data. For example, Parsons et al 3 found that a DWI lesion volume <25 mL was the most important factor predicting an mRS of 0 to 1 after intravenous thrombolysis. The fact that our critical thresholds are slightly greater than previously reported 3, 13 is likely related to the fact that we used the final infarct volume, which accounts for additional lesion growth. Indeed, Ribo et al 4 reported a lesion cutoff (29 mL) that is strikingly similar to our cutoff (29.9 mL) for predicting an mRS of 0 to 2 when relying on follow-up (rather than acute) imaging.
More important, several studies demonstrated age dependence of the critical thresholds with younger patients tolerating larger infarcts than older patients to achieve the same outcome. 1, 4 Our results now provide a biological plausible explanation for this phenomenon by showing that the critical threshold is significantly modulated by the degree of the 
test).
Patients with absent-to-mild WMH lesion burden had greater infarct volumes than patients with a moderate-to-severe WMH lesions when stratified by the 90-d outcome to (B) mRS 0 to 1 vs 2 to 6, (C) mRS 0 to 2 vs 3 to 6, and (D) mRS 0 to 3 vs 4 to 6. Given the modest number of patients in each Fazekas category, comparisons were made using the WMH lesion burden dichotomized to Fazekas 0 to 2 vs Fazekas 3 to 6) using Mann-Whitney U test. Data are mean±SEM. by guest on November 19, 2017 http://stroke.ahajournals.org/ Downloaded from preexisting WMH lesion burden, which is strongly associated with patient age. 5, 6 Indeed, our mediation analysis supports the hypothesis that the age effect in our study was mediated by the preexisting WMH lesion burden-results that add to mounting evidence that WMH may serve as a measure of brain frailty and thus allow for identifying (elderly) patients with greater vulnerability to brain ischemia. 5, 14 A major advantage of our approach compared with relying on patient age is that age cannot always be reliably ascertained in the acute setting because of a patient's functional deficits (eg, presence of aphasia or preexisting cognitive impairment). Nevertheless, our findings require replication in an external consecutive stroke cohort ideally in the acute setting. If the preexisting WMH burden relates to the hyperacute ischemic core, final infarct volume, and outcome, we envision the use of an imaging index that incorporates automated assessments of the WMH and ischemic core volumes in conjunction with markers of collateral and perfusion status that allows for more accurate and rater-unbiased selection of patients for emergent recanalization therapies. For example, despite the recent landmark advances in improving stroke outcome via endovascular recanalization approaches, [15] [16] [17] there remains a significant proportion of patients that is deemed ineligible to therapy particularly in the setting of a large infarct. If our results translate to the hyperacute lesion, it could provide the rationale for offering therapy to patients who are otherwise deemed ineligible candidates for therapy. Even if using the WMH-adjusted thresholds results in reallocation of a small number of patients, this could still have significant healthcare implications given the large number of acute ischemic stroke patients who are eligible for recanalization therapies each year. 18, 19 Strength of our study relate to the investigation of a wellcharacterized and large patient population. We included consecutive patients with imaging confirmed, ischemic stroke that were evaluated by clinicians certified in NIHSS and mRS. Furthermore, we excluded patients with small Figure 3 . Critical lesion thresholds. The critical threshold for predicting a modified Rankin scale (mRS) of 0 to 1 and mRS 0 to 2 outcome was significantly greater for patients with absent-to-mild white matter hyperintensity (WMH) (Fazekas score 0-2) as compared with the threshold derived from the entire cohort and from patients with moderate-to-severe WMH, respectively. Although a similar trend was noted for predicting an mRS of 0 to 3, this did not reach statistical significance. AUC indicates area under curve; and n.s., not significant. *P<0.05; **P<0.01. by guest on November 19, 2017 http://stroke.ahajournals.org/
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October 2016 subcortical infarcts and used MRI to determine the WMH lesion burden and infarct volumes in a masked fashion with respect to clinical variables. Finally, we separately analyzed several frequent outcome categories, and all analyses were rigorously adjusted for clinically relevant confounders that have been associated with the poststroke outcome and infarct volume. Limitations relate to the retrospective study design for which reason a causal relationship remains to be established. Furthermore, because we restricted our analyses to patients with supratentorial strokes it remains to be shown whether the noted associations also apply to infratentorial ischemic strokes. Lastly, we assessed the infarct volume in the subacute phase. Therefore, our thresholds should not be used for acute decision making and further research is require to determine the exact association between WMH lesions, hyperacute ischemic lesion, and functional outcome. Accordingly, our results should be considered hypothesis generating only. Yet, for the purpose of our study using subacute imaging had the advantage that the infarct volume was maximal and thus results were not confounded by differences in lesion growth related to collateral and reperfusion status and spontaneous or therapeutic recanalization.
Conclusions
We show that the burden of preexisting WMH lesions is strongly associated with the 90-day functional outcome, and we provide proof-of-concept that the WMH lesion burden significantly impacts the critical infarct volume threshold predicting a favorable outcome. 
Supplemental Figure I
Supplemental Figure I . Mediation analysis of the indirect effect of WMH on the relationship between age and the 90 day mRS in the entire cohort (n=414). There was a significant indirect effect with WMH mediating the effect of age on the 90 day functional outcome (mRS), βa*βb=0.009, 95% BCa CI 0.021-0.016 (R 2 =0.302). WMH (mediator) could account for roughly half of the total effect, percent mediation P M =0.478. β indicate standardized beta weights and were estimated from models adjusted for sex, preadmission mRS, and infarct volume. 95% BCa CI indicates 1000 sample bootstrapped 95% bias corrected and accelerated confidence intervals.
A 95% BCa CI not including 0 indicates statistical significance.
